Purpose The levels and timing of expression of genes like BCLXL, HDAC1 and pluripotency marker genes namely, OCT4, SOX2, NANOG and KLF4 are known to influence preimplantation embryo development. Despite this information, precise understanding of their influence during preimplantation embryo development is lacking. The present study attempts to compare the expression of these genes in the in vivo and in vitro developed preimplantation embryos. Methods The in vivo and in vitro developed rabbit embryos collected at distinct developmental stages namely, pronuclear, 2 cell, 4 cell, 8 cell, 16 cell, Morula and blastocyst were compared at the transcriptional and translational levels using Real Time PCR and immunocytochemical studies respectively. Results The study establishes the altered levels of candidate genes at the transcriptional level and translational level with reference to the zygotic genome activation (ZGA) phase of embryo development in the in vivo and in vitro developed embryos. The expression of OCT4, KLF4, NANOG and SOX2 genes were higher in the in vitro developed embryos whereas and HDAC1 was lower. BCLXL expression had its peak at ZGA in in vivo developed embryos. Protein expression of all the candidate genes was observed in the embryos. BCLXL, KLF4 and NANOG exhibited diffused localisation whereas HDAC1, OCT4, and SOX2 exhibited nuclear localisation. Conclusions This study leads to conclude that BCLXL peak expression at the ZGA phase may be a requirement for embryo development. Further expression of all the candidate genes was influenced by ZGA phase of development at the transcript level, but not at the protein level.
Introduction
The preimplantation embryo development involves synchronous or asynchronous rapid cell divisions and generation of genetic and epigenetic cues for differentiation at specific developmental stages. Insight into these processes could serve to improve the efficiency of assisted reproduction technologies, development of transgenics, and to understand nuclear reprogramming. However, the embryos developed in vivo and in vitro show differences in their developmental potential [1] [2] [3] resulting from differences in gene expression patterns [4] [5] [6] . As the genes of mature spermatozoon and oocyte are silent, and remain inactive after fertilisation, maternal transcripts form a major source for mRNA during the initial stages of embryo development; until the zygotic Genome Activation (ZGA) occurs [7, 8] . The ZGA occurs at 2-cell stage in murine, at 4-cell stage in porcine, at 4-cell to 8-cell stage in human and at 8 to 16-cell stage in bovine, rabbit and ovine embryos respectively [9] [10] [11] . The ZGA is manifested by strict regulation of genes in a temporal and stage specific manner [12, 13] . Pluripotency markers, apoptotic regulators and epigenetic regulators play significant roles in the preimplantation embryo development [13, 14] .
The pluripotency markers namely OCT4, SOX2, NANOG, CMYC, LIN28 and KLF4 were used for pluripotency induction in somatic cells; and among them, OCT4, NANOG, SOX2 and KLF4 were implicated in preimplantation embryo development [15] [16] [17] [18] [19] . The importance of OCT4 in ZGA and cell lineage formation was reported in mouse and human preimplantation development studies [17, [20] [21] [22] . Knock-down of OCT4 expression in the mouse embryos had caused them to fail in ZGA and blastocyst formation. However, NANOG and SOX2 expressions were not altered by the OCT4 knock-down [21] . OCT4, NANOG and SOX2 were expressed in all the developmental stages from ZGA to Inner Cell Mass (ICM) of human blastocyst embryos and regulated the stemness of blastomeres [22] . In zebra fish, ZGA required the expression of NANOG, SOXB1 and OCT4 [23] . Over-expression and knock-down studies of SOX2 conducted in the mouse 2-cell embryos did not influence OCT4 and NANOG expression. However its over-expression blocked the ZGA and cleavage [24] . To bring about pluripotency in post-implantation epithelial embryonic stem cells, the expression of OCT4, SOX2 and NANOG were not sufficient and KLF4 was needed [25] . These studies have shown that the networks in Embryonic Stem Cells (ESCs) and preimplantation development could differ and be unique.
Apoptotic regulators include the BCL2 family of proteins, which have a BH domain. Among which the BAX/BCLXL ratio indicates survival or death of a cell [26, 27] . BCLXL was required for cell survival and development through the ZGA phase in murine preimplantation embryos and the microinjection of BCLXL could rescue embryos and aid in ZGA [28, 29] . It was also shown that BCLXL has anti-proliferative effects along with anti-apoptotic properties in murine cancer cell lines [30] . BCLXL interactions for cell survival are not limited to the BCL2 family of proteins. It also interacts with VDAC1 for cell survival as shown by the studies in human cell line [31] .
Among the epigenetic regulators, HDAC1 which is a class I histone deacetylase, interacts with other epigenetic regulators namely, methyl transferases and deacetylases and regulates gene expression during embryo development [32, 33] . Maternally contributed HDAC1 maintained a steady state of acetylation during ZGA and thus the developmental potential of embryo [34] . HDAC1, the primary histone deacetylase, was the most sensitive to hyperacetylation in murine preimplantation embryos.
Several other factors may also be influencing the preimplantation development. Therefore, a comparison of gene expression patterns of pluripotency markers, apoptotic regulators and epigenetic regulators in the in vivo and in vitro developed embryos in a stage wise manner, from pronuclear embryo to blastocyst, can provide deeper insights into molecular basis of embryo development. The present study was undertaken with rabbit (Oryctolagus cuniculus) oocytes and embryos to compare candidate gene expression patterns at transcriptional and translational levels, across various developmental stages of in vivo fertilized zygotes which were developed either in vivo or in vitro, with a view to understand what limits/hinders quality of preimplantation embryo development in vitro. Rabbit is a valuable experimental model for studies in regenerative medicine, reproductive biology and metabolic system studies, as it shares many biochemical and physiological properties with the human system [35, 36] .
Earlier studies on rabbit embryo development were confined to the OCT4 expressions at transcriptional and translational levels [37] [38] [39] [40] [41] though it is very well established that BCLXL, HDAC1, SOX2, NANOG and KLF4 are also crucial for preimplantation embryo development. As more studies are needed in the context of preimplantation embryo development, this study was an attempt for the first time to monitor and compare expression of SOX2, NANOG, KLF4, HDAC1 and BCLXL simultaneously in addition to OCT4, both at the transcriptional and translational levels in rabbit preimplantation developmental stages (pronuclear, 2-cell, 4-cell, 8-cell, 16-cell, morula and blastocyst) between in vivo fertilized embryos, which were developed in vivo and in vitro. This study also tries for the first time to monitor the expression of candidate genes at transcript level and localisation of gene product simultaneously in in vivo and in vitro developed embryos.
Materials and methods
All the media and chemicals were purchased from Sigma Chemical Co. (St. Louis, MO, USA), and all plastic ware from NUNC (Rochester, NY, USA), unless mentioned otherwise. A total of 1,746 oocytes/different stages of embryos with an average of 24.6 from 71 does of 1 to 2 year old primiparous crossbred (New Zealand white with White Giant and Soviet Chinchilla) rabbits were used for the experiments. This project was approved by the Centre for Cellular and Molecular Biology, Hyderabad, India -Institute Animal Ethics Committee vide letter No. IAEC 67/2008. Oocytes and embryos were collected in the Tissue Culture Medium (TCM199) (HEPES buffered) supplemented with heat inactivated 10 % Foetal Bovine Serum (FBS). Embryos were then cultured in TCM199 (bicarbonate buffered) supplemented with 15 % FBS. The handling and culture medium were supplemented with Penicillin (100 IU/ mL) and Streptomycin (0.1 mg/mL), sterilized with 0.22 μm filter (Millipore, MA, USA) and equilibrated for at least 2 h prior to use at 38.5°C in humidified atmosphere having 5 % CO 2 .
Superovulation, collection and culture of embryos Superovulation and collection of the rabbit oocytes/embryos were carried out as described earlier [42] . Briefly, the does were superovulated with six equal doses (3 IU each) of Follicle Stimulating Hormone (FSH) administered subcutaneously at 12 h intervals. Twelve hours after the last dose of FSH, human Chorionic Gonadatrophin (hCG) (100 IU) (Chorulon, Intervet, Boxmeer, The Netherlands) was administered intravenously to induce ovulation. The oocytes were collected, 14 h post-hCG. For collection of embryos, the superovulated does were mated with a fertile buck prior to the administration of hCG. The in vivo developed pronuclear, 2-cell, 4-cell, 8-cell, 16-cell, morula and blastocyst stage embryos were collected at 18 h, 26 h, 32 h, 40 h, 48 h, 56 h and 86 h post-hCG respectively. For collection of in vitro developed embryos, the in vivo fertilized embryos were collected 14 h post-hCG and cultured at 38.5°C in humidified atmosphere having 5 % CO 2 ; and the embryos were collected at respective developmental stages. The in vitro embryos were collected after a 2 h delay to compensate for the delay in development of in vitro compared to in vivo developed embryos (unpublished results).
RNA isolation and RT-PCR
Prior to the RNA isolation using RNeasy mini kit (Qiagen GmbH, Hilden, Germany) different embryonic stages and oocytes in respective groups of 25 were collected randomly from the does and were denuded. The RNA isolation was repeated twice for each embryonic stage. The isolated total RNA was quantified in a NanoDrop spectrophotometer (Thermo scientific, Wilmington, DE, USA) and treated with Dnase I (Roche Applied Science, Mannheim, Germany) prior to reverse transcription. Reverse transcription was carried out using the Sensiscript RT kit (Qiagen GmbH, Hilden, Germany) using three replicates of RNA in each group. Each 20 μl cDNA synthesis reaction used a volume of RNA equivalent to five embryos/oocytes as the case may be. Oligo (dT) primers (Invitrogen, CA, USA) were used for priming the reaction. The cDNAs were then stored in aliquots at −20°C.
Semi-quantitative PCR
Gene specific primers for candidate genes and reference genes (Table 1) were designed based on the sequences available in NCBI-GenBank nucleotide database using Fast PCR software [43] . For KLF4, NANOG and SOX2, the primers were designed from conserved regions identified by alignment of murine, human and bovine gene sequences in ClustalW2 [26] . Specific binding of the primers was confirmed based on expected amplicon sizes in agarose gel electrophoresis and by sequencing the amplicons in 3730 DNA Analyzer (Applied Biosystems, CA, USA).
Cyanine dye based real time amplification detection was done using the SYBR® GreenER qPCR Supermix (Invitrogen, CA, USA) in ABI PRISM® 7900HT Sequence Detection System (Applied Biosystems, CA, USA). Biological replicates of in vivo and in vitro developed embryos were used for the semi-quantitative PCR. The PCR programme used was: 50°C for 2 min, initial hold at 95°C for 10 min, followed by 40 cycles of denaturation (95°C for 15 s), annealing (55-60°C for 30 s) and extension (60°C for 30 s). One-tenth equivalent template of the embryo or oocyte was used in each real time PCR experiment of 10 μl volume and was repeated thrice. Melting curve analysis was done to confirm the amplicon specificity. The oocyte (Metaphase II arrested) derived cDNA was used for evaluating amplification efficiency of all primer pairs using standard curve method. Amplification efficiency was calculated using the following equation from the slope of respective standard curves.
Statistical analysis of qPCR data
Reference genes were selected based on reports demonstrating that H2A, HPRT1 and YWHAZ were expressed stably throughout the rabbit preimplantation embryo development [37] . Data analysis was done based on the geometric averaging and normalisation method described as in geNorm [44] . Briefly, the mean quantification cycle value (Cq) of triplicates was transformed to quantities following comparative Cq method, and the highest relative quantity was set to one. Geometric mean of relative quantities of the three reference genes at a developmental stage was used as normalisation factor for calculating relative quantity of a candidate gene for that developmental stage. Statistical significance of the data within a developmental condition (in vivo or in vitro) was calculated using modified t-Test (Tukey's test) at p<0.05 and significance of the data between developmental conditions (in vivo vs in vitro) at different developmental stages was calculated using Student's t-Test at p<0.05.
Immunocytochemical studies
Oocytes/embryos were washed in Phosphate Buffered Saline (PBS) and then fixed in the freshly prepared 4 % paraformaldehyde. The membrane permeabilization was achieved by treating with 1 % TritonX100 in PBS for 15 min and the non-specific binding was blocked by treating with 1 % bovine serum albumin in PBS for 1 h. Subsequently, oocytes/ embryos in groups of six or more were incubated with the mouse monoclonal antibodies (1:200 dilution) (Abcam, Cambridge, UK), raised against BCLXL (ab77571), HDAC1 (ab51846), KLF4 (ab75486), NANOG (ab62734), OCT4 (ab91194) and SOX2 (ab75485) at 4°C overnight. The negative controls were prepared by omission of primary antibody. Samples were then incubated with FITC conjugated goat polyclonal antibody (1:500 dilution) (Abcam, Cambridge, UK) raised against the mouse IgG, for an hour at room temperature in dark. The oocytes and embryos were counterstained with 300 nM DAPI for 5 min at room temperature in dark and then mounted on a clean glass cover slip using VECTASHIELD mounting medium (Vector Labs, CA, USA) over concavity glass slides. The fluorescence emission spectra were documented using Leica TCS SP5 confocal system (Leica Microsystems CMS GmbH, Mannheim, Germany). The Leica Application Suite -Advanced Flourescence (LAS-AF) was used for scanning, capturing and analysing images. The total emission was quantified using LAS-AF. The regions of interest were designated and the difference of their intensities from background intensity was averaged and taken as the mean total intensity. The significance of intensities within a developmental (in vivo or in vitro) condition was calculated using Tukey's test at P<0.05 and the significance of data between developmental conditions (in vivo vs in vitro) at different developmental stages was calculated using Student's t-Test at p<0.05.
Results
All embryos used in this study were fertilized in vivo to rule out the variations resulting from in vitro fertilization on embryo quality. The percentage of in vitro blastocyst development for embryos cultured in TCM199 (bicarbonate buffered) was 80. The in vitro and in vivo developed rabbit preimplantation embryos from pronuclear stage to blastocyst were compared for expression levels of candidate genes. Multiple reference genes namely, H2A, HPRT1 and YWHAZ were used to reduce the bias in normalization [44] . Relative expression levels of candidate genes were normalised with respective normalisation factors derived from the reference gene expressions.
Comparison of BCLXL expression levels
This is the first report to compare BCLXL expression patterns at transcriptional and translational level in a sequential manner in the in vitro and in vivo developed rabbit preimplantation embryos. Compared to the matured oocyte, BCLXL expression levels in the in vivo developed pronuclear and 2-cell embryos were found to be reduced (Fig. 1a) . In the successive developmental stages, mRNA levels had increased and peaked at 8-cell stage. The expression was ten-times higher than that of 2-cell embryo. BCLXL expression then sharply reduced to the lowest level in blastocyst. The overall trend in transcription of BCLXL indicated an increase in expression towards zygotic genome activation (ZGA), followed by a decline. BCLXL expression in the in vitro developed embryos also followed a similar pattern, except that the increase in expression started earlier, i.e., at 2-cell embryo and peak expression was observed at the 4-cell stage, prior to ZGA. The in vitro developed embryos showed significantly higher BCLXL expression than in vivo embryos, except for 8-cell stage and morula (Fig. 1a) . BCLXL protein was detected from all the developmental stages including oocytes, implying its maternal contribution (Fig. 1b) . Fluorescence intensity did not change significantly in the in vivo embryos or in vitro embryos, except for the in vitro blastocyst showing a higher BCLXL expression (Fig. 1b) . BCLXL showed a diffused localisation in all the embryo developmental stages and oocytes (Fig. 1c) .
Comparison of HDAC1 expression levels HDAC1 expression was observed in all of the preimplantation developmental stages (Fig. 1d) . In the in vivo embryos, HDAC1 expression increased gradually and exhibited maximum expression in 8-cell embryo coinciding with ZGA; after which it declined in the 16-cell embryo and morula to increase again in blastocyst. In contrast, the in vitro embryos showed peak expression in morula and declined subsequently in the blastocyst. In both the embryos, a phase of reduced expression had followed a surge in expression. Significant increase in expression observed prior to the ZGA in in vivo was absent in in vitro developed embryos. Except for morulae, the expression of HDAC1 in in vivo embryos was significantly higher compared to the respective in vitro embryos (Fig. 1d) . The HDAC1 expression was similar between the developmental conditions. There was a gradual reduction in the fluorescent intensity until 16-cell embryo and was highest in the blastocyst stage for both the types of embryos (Fig. 1e) . Even though HDAC1 showed a diffused localization in the early stages, the localization was distinctly nuclear from morula onwards (Fig. 1f) . In fact, the quantitative data showed significant increase in intensity in blastocysts over ZGA phase, irrespective of the developmental conditions.
Comparison of pluripotency marker expression levels
This is the first study to compare the expression patterns of four pluripotent markers namely, KLF4, NANOG, OCT4 and SOX2 at the transcriptional and translational levels, simultaneously in in vivo and in vitro developed rabbit preimplantation embryos.
KLF4
The transcript and protein of KLF4 were expressed in all stages of rabbit preimplantation embryo development (Fig. 2a-c) . In sharp contrast to the in vitro embryos, in vivo embryos showed a delayed embryonic transcription of KLF4 i.e., at the blastocyst; while the in vitro embryos showed embryonic expression from the 16-cell stage onwards. It was also observed that at the pronuclear stage KLF4 expression was significantly higher in in vitro embryos than in in vivo embryos and was similar to the oocyte. The expression of KLF4 in in vitro embryos was significantly higher than that in in vivo embryos at the post ZGA stages (Fig. 2a) . KLF4 was detected in oocytes and all the developmental stages of both embryo types (Fig. 2b) . The fluorescence intensity was observed to be similar at various developmental stages. The intensity increased after ZGA and was the highest in blastocyst stage. The KLF4 localization was diffused in cytoplasm in all the embryonic stages (Fig. 2c) .
NANOG
In vivo developed embryos showed similar NANOG expression levels till the 8-cell stage and later attained a peak expression in the 16-cell stage, after which it declined in morula and blastocyst stages (Fig. 2d) . Even though the in vitro and in vivo embryos showed a similar expression trend, in vitro developed embryos had a lower expression level at the pronuclear stage and higher expression levels during and after the ZGA (8-cell, 16-cell, morula and blastocyst). The results also indicate a basal level of transcription of NANOG from early stages of development. The fluorescence intensity of NANOG decreased continually from pronuclear stage to morula and then increased in the blastocyst; and both the embryo types followed this trend faithfully (Fig. 2e) . Further, the intensity levels in oocyte and blastocyst were similar and the expression was diffused in all the developmental stages studied (Fig. 2f) .
OCT4
OCT4 expression pattern in the in vivo and in vitro embryos decreased gradually till 16-cell stage, after which it increased in the morula (Fig. 3a) . The in vitro embryos had a significantly higher gene expression level than in vivo embryos at all stages of development, except for 16-cell stage. In the in vitro morula and blastocyst stages, expression levels had increased substantially. The fluorescence intensity was similar in both types of embryos up to morulae, after which it increased substantially (Fig. 3b) . OCT4 was detected in all the stages of preimplantation development and showed a diffused localisation pattern in the earlier developmental stages. However, OCT4 was nuclear localised in the blastocyst (Fig. 3c) . 
SOX2
SOX2 expression in the in vivo embryos decreased gradually till morula stage and later increased in the blastocyst (Fig. 3d) . In contrast, the in vitro embryos showed gradual increase in expression from 8-cell stage and exhibited peak expression in the morula and blastocyst. Except for the pronuclear embryos, all the embryos developed in vitro had higher expression levels than those embryos developed in vivo. The in vitro developed morula and blastocyst showed a comparable level of expression. SOX2 protein was localised diffusely in all the stages of preimplantation development and the fluorescence intensity indicated a similar trend in both types of embryos (Fig. 3f) . The intensity did not vary significantly up to morula but it increased in both the in vivo and in vitro developed blastocysts (Fig. 3e) .
Discussion
In this study, a comparison was made between the in vivo developed embryos and in vitro developed embryos (in vivo fertilized) with respect to expression levels and patterns of candidate genes and their proteins at distinct developmental stages during rabbit preimplantation embryo development. Even though a higher percentage of in vitro blastocyst development was reported using the B2 medium in rabbit [39] , the 80 % in vitro blastocyst development achieved in this study was in agreement with earlier reports in cattle and rabbit [2, 45] . The expression of candidate genes namely, OCT4, SOX2, NANOG, KLF4, HDAC1 and BCLXL were normalised with endogenous expression levels of reference genes namely, H2AFZ, HPRT1 and YWHAZ. These genes showed stable expression levels in all the developmental stages and thus agreeing with previous reports on rabbit preimplantation development [37] .
The peak expression of anti-apoptotic factor BCLXL coincided with start of ZGA in in vivo developed rabbit embryo similar to the reports in mouse, human and cattle embryos [27, 29, 46, 47] . Housekeeping genes and apoptotic regulators were reported to peak at the ZGA in bovine and murine embryos [48, 49] . The early BCLXL expression peak in in vitro embryos indicates either a compensative measure for enhanced protein degradation or a higher pro-apoptotic signal being balanced for the embryo survival. BAX/BCL ratio could give further insight into importance of the early expression peak in vitro. BCLXL protein showed cytoplasmic localization in all the preimplantation stages of rabbit embryo and had similar levels of expression, except for the in vitro blastocyst; indicating that BCLXL translated from the maternal mRNA was continually present in embryos until newly translated proteins appear. Similar observation was also made in the human embryos [27] . The maintenance of BCLXL titre could be regulated through degradation of the maternal protein and replacement with newly translated protein as the expression level of BCLXL remained stable even after the ZGA. Hence the peak expression of transcripts at ZGA could be a requirement for embryo development. Unlike the reports on other BCL2 family members forming a perinuclear ring, BCLXL in the rabbit embryos showed diffused cytoplasmic localisation as observed in human embryos [27] . The absence of perinuclear ring implies that cells were less apoptotic in those embryos [50] .
Studies on human cancer cell lines have provided evidence for the regulation of BCL2 and BCLXL by HDAC1 [51] . It was demonstrated that, when the expression of HDAC1 is inhibited, expression of BCLXL goes down and results in apoptosis [51] . Studies conducted on mouse preimplantation embryos have also demonstrated the crucial role of BCLXL in protecting the embryos to enter ZGA phase [28, 29] . Even though it is yet to be established in rabbit embryos, it is safe to assume that the embryo relies on BCLXL and HDAC1 expression to achieve ZGA. However, the contrast in their expression trend may imply a requirement for early onset of BCLXL transcription in in vitro embryos than their in vivo counterparts. HDAC1 peak expression in the in vitro rabbit embryos was delayed compared to that of in vivo embryos implying a delay in chromatin remodelling during the course of in vitro development. This could in turn reflect in the expression of other genes. The peak expression at ZGA phase in this study shows a positive correlation to the lowest acetylation levels in rabbit embryo reported earlier [40] . In cattle, HDAC1 expression in the in vitro embryos was low until 8-cell stage, but increased eight to ten times at the blastocyst stage [52] . The presence of its protein in all the stages studied in both in vitro and in vivo embryos implies maternal contribution of HDAC1 prior to ZGA and its embryonic contribution post ZGA. With respect to HDAC1 localisation, similar to the mouse embryos, HDAC1 was localized to the nucleoplasm during later stages of rabbit preimplantation embryo development [34] . The discordance between mRNA and protein levels of HDAC1 was observed during both in vivo and in vitro embryo development. This may be attributed to the significant decrease of HDAC1 expression post ZGA and lineage specification [40] . However in this study, it is difficult to rule out the effect of in vitro conditions. The disagreement between HDAC1 transcript and protein levels was also reported in in vitro mouse blastocyst embryo, which had lower protein expression than morula even though the transcript levels were steadily increasing in each successive stage of development [34] . The higher expression levels of HDAC1 in rabbit in vivo blastocyst may imply a role in pluripotency maintenance, as the cells start to differentiate in the later stages of preimplantation development. HDAC1 expression was reported to be critical for pluripotency, since the pluripotent markers namely, OCT4, SOX2, KLF4 and NANOG were targets for transcription regulation by HDAC1 [53] . The lack or delay in increase of HDAC1 in in vitro embryos may reduce their developmental potential. It has been shown that knockdown of HDAC1 releases the regulation and the pluripotent markers get overexpressed [53] . The dynamics of HDAC1 in this study hints at its role in pluripotency maintenance.
The delay in decrease in KLF4 observed in in vitro pronuclear stage could be ascribed to the incubation of the zygote for 4 h under in vitro conditions unlike the in vivo pronuclear stage which was directly obtained from the tract. However an increased expression of KLF4 was observed post ZGA, during rabbit preimplantation development. The extent of increase in transcription was higher in in vitro developed embryos; however this did not get translated into higher levels of protein.
Earlier reports on murine embryos have demonstrated that the regulation of KLF4 expression was not influenced by ZGA, rather it was being influenced by the Leukaemia inhibitory factor/STAT3 signalling [54] . This implies that KLF4 was probably influenced by the ZGA either through LIF/STAT3 or by some other gene. The role of HDAC1 regulation of KLF4 also could have an influence in these high levels of KLF4 expression. KLF4 expression was also reported to increase at the 8-cell embryo in bovine embryos [49] . This study showed that KLF4 localisation in both the in vitro and in vivo developed rabbit preimplantation embryos was diffused. As a transcription factor, KLF4 is expected to have a nuclear localisation as reported in the Macaque morulae and blastocysts [3] . The diffused localisation observed in the present study raises more questions related to delay in transport even though it possesses a nuclear localisation signal [55] . It is likely that when KLF4 localisation is compromised, genes like KLF2 and KLF5 function to maintain the pluripotent state as shown in mouse ESCs [56] . The human ICM showed a higher expression of KLF2 than KLF4, which may imply its compensatory role [22] .
Expression of NANOG in the preimplantation embryos was reported to be varying with species. In mouse, the NANOG expression was observed from compact morula onwards [57] , in human from pronuclear stage onwards [58] , in bovine embryos from 8-cell onwards [59] , in caprine embryos from 8-to 16-cell onwards [60] , and in porcine from 4-cell embryo onwards [61, 62] . In this study, transcripts of NANOG were detected in all embryonic stages similar to the observation in human embryos. Post ZGA, as reported in bovine embryos, NANOG expression had steadily declined from the peak expression at ZGA and showed similar expression trend in both in vivo and in vitro developed rabbit embryos [59] . This may indicate its critical role in the lineage specification, post ZGA for pluripotency maintenance. The decrease in NANOG expression levels in rabbit blastocysts, similar to caprine and human blastocysts, could be attributed to a reduction in number of cells expressing NANOG which gets limited to the inner cell mass (ICM) [58, 60] . Rabbit blastocysts showed a diffused NANOG protein expression similar to that observed in the bovine embryos prior to blastocyst stage [59] . In the caprine and bovine blastocysts, NANOG was expressed in both ICM and trophectoderm [60] . In this study, we found that the expression of NANOG transcripts and protein starts prior to ZGA and peaked after ZGA, which is an indication of its consequential role in ZGA. NANOG expression in embryo development is crucial and probably depends on its ability to regulate the expression of OCT4 and SOX2, which have been implicated in transcription regulation of a number of genes in the pluripotency network [20, 63] . It was also demonstrated that HDAC1 mediated suppression of OCT4 and SOX2 results in suppression of NANOG [64] . It has been suggested that HDAC1, OCT4 and NANOG form the NODE complex responsible for regulation of gene expression and for maintaining pluripotency [65] . Thus OCT4/NANOG ratio form a quantifier for the maintenance of pluripotency where the reduction in NANOG will cause differentiation [66] . The expression levels observed for NANOG and OCT4 in rabbit preimplantation shows a similarly maintained pattern and at blastocyst the OCT4 level was much higher than NANOG. This change could be attributed to the initiation of lineage specification as reported earlier [41] .
OCT4 has also been implicated in regulation of transcription of a number of genes in the pluripotency network [20, 63] namely, UTF1, FGF4, FBXO15 and LEFTY1 in mouse [67] . In the current study, OCT4 transcripts were present in all stages of preimplantation development. The level of OCT4 declined in early stages of preimplantation development and increased post ZGA, which was in agreement with the earlier observations on OCT4 or POU5F1 expression in in vitro developed rabbit preimplantation embryos [37] and bovine preimplantation embryos [68] . But this observation was in discordance with what was observed in the porcine preimplantation development, where ZGA coincided with the peak expression of OCT4 [62] . In the human preimplantation development studies, an increase in expression of OCT4 post ZGA was clearly demonstrated [22] . Lower expression levels of OCT4 in the in vivo blastocysts against in vitro embryos, as observed in this study was in accordance with reports on porcine and bovine embryos, which showed an increased expression in morulae and blastocysts [59, 62] . However, lower expression levels in the in vivo blastocysts may be a consequence of higher HDAC1 activity and differentiation [69] . In murine and human expanded blastocysts, expression of OCT4 was limited to the ICM [20, 22, 70, 71] whereas in bovine and porcine blastocysts, OCT4 was expressed in both the trophectoderm and ICM [72, 73] . Localization of OCT4 was diffused in the early stages of rabbit preimplantation embryos; while nuclear localization was evident in the blastocyst. In the bovine blastocysts, a similar OCT4 localization was reported [59, 73] . A nuclear localisation in the early stages of rabbit development and a decline in protein levels recovering after ZGA were reported earlier [40] . The difference in these observations needs to be addressed further.
SOX2 forms a complex with the OCT4 and performs self-regulation and regulation of other developmentally important genes like FGF4, UTF1, FBX15 and NANOG. The murine blastocysts, like rabbit blastocysts showed a peak expression of SOX2, implying a central role for SOX2 in trophectoderm formation and maintenance of pluripotency [67, [74] [75] [76] . The stable level of SOX2 expression observed even after ZGA (8-cell to morula) in the in vivo embryos indicated a need for SOX2 along with other partners in the pluripotency gene regulatory network. In contrast to in vivo rabbit embryos, the in vitro embryos showed SOX2 gene activation from 8-cell embryo onwards and transcript levels remained higher than that of the in vivo embryos. The in vitro developed bovine preimplantation embryos also showed a higher level of SOX2 expression than in vivo embryos [77] . This deviation in the expression pattern from that of in vivo embryos could be a result of stress brought about by culture conditions. In later stages of rabbit embryo development, SOX2 was localised in the nuclei, similar to the reports in mouse preimplantation development [78] . SOX2 had been reported to have detrimental effects on embryo development when over expressed in early stages of embryo and also influence maternal to embryo transition [24] . Thus the expression trends of SOX2 transcripts and protein in this study helps to safely conclude that the maternal contribution and stable protein expression level were crucial to the regulation of differentiation and rapid cell proliferation in developing embryos.
Conclusion
The comparisons made between in vivo and in vitro developed rabbit embryos in this study showed that OCT4, SOX2, NANOG, KLF4, HDAC1 and BCLXL transcript levels varied; possibly due to the difference in developmental conditions. As a consequence of variation observed in the expression of above genes, chromatin remodelling and generation of differentiation cues were altered in the in vitro and in vivo developed embryos. For instance, HDAC1 showed lower level of expression, while KLF4, NANOG, OCT4 and SOX2 showed higher levels of expression under in vitro conditions compared to the in vivo developed embryos post ZGA. However, the levels of protein expression and localisation for these genes did not differ between in vivo and in vitro development. In case of BCLXL, the levels of transcript followed an early but identical expression pattern in in vitro developed embryos. The BCLXL transcript and protein expression levels and protein localisation were observed to be similar to the earlier reports in mouse and human embryos [27, 29] .
Our study indicates a maternal protein contribution for all the candidate genes. The lower acetylation levels reported from ZGA till blastocyst, when HDAC1 reaches peak expression implies a requirement for HDAC1 to tide over ZGA. The requirement of BCLXL for ZGA was also evident from the expression pattern observed [51] . The lower levels of HDAC1 under in vitro condition may indicate a comparatively poor reprogramming of genome. Further, the lower levels of OCT4 expression at ZGA under in vitro conditions may also hinder the developmental potential and reprogramming of embryos. The stable levels for OCT4, SOX2 and NANOG in this study further emphasise the importance of OCT4/NANOG ratio in maintaining pluripotency and also lineage specification with the association of SOX2 [66] . In fact, the differential SOX2 transcript levels between in vivo and in vitro developed embryos could be an indication of a reduced embryo development potential during in vitro development. Increased levels of KLF4 in the later stages of preimplantation development indicated the influence of ZGA on LIF/STAT3 pathway which triggers the KLF4 expression. Higher expression levels of KLF4, NANOG and SOX2 in the in vitro embryos compared to in vivo developed embryos observed in our study warrants further deliberation on their role in preimplantation development. The role of HDAC1 regulation of these genes may also be a reason for this observation.
More detailed studies on expression patterns of the pluripotency genes and apoptotic markers in preimplantation embryos which fail to develop or slow-down in development, would give further information on the factors that play a pivotal role in embryo development.
